Titanium has an osseointegrative property, while hydroxyapatite has an osteoconductive property. It remains a matter of controversy among researchers whether hydroxyapatite has higher osteoblast compatibility than titanium. Here, we compared the activities between osteoblasts cultured on titanium and those cultured on hydroxyapatite. An osteoblast-like cell line, MC3T3-E1, was cultured on machined titanium, evaporated titanium, and hydroxyapatite disks to compare the affi nity of osteoblasts to each of these materials. The adhesion and proliferation of MC3T3-E1 cells were higher on hydroxyapatite disks than on the other disks. Osteoblast differentiation was not affected by the nature of disks investigated, but calcium was more easily deposited on the hydroxyapatite disks. The amount of absorbed serum proteins detected on hydroxyapatite was greater than that on titanium. In conclusion, our results indicate hydroxyapatite is a more suitable material for osteoblast growth than titanium because of its higher absorption of serum proteins.
INTRODUCTION
Titanium is widely used for dental implants because of its biocompatibility, mechanical strength and plasticity for prosthetic design 1) . When titanium is implanted into live bone tissue, it actually integrates with the bone. This behavior of osteogenesis is called "osseointegration", as distinguished from "osteoconduction". Osseointegration is defi ned as direct contact (at the light microscope level) between living bone and an implant 2, 3) . Clinical studies have shown that osseointegration in the initial stage is related to the overall clinical success of an implant 4) . There have also been reports that the osseointegration rate of a titanium implant is related to properties of the implant surface 5, 6) . Accordingly, the titanium surface has been topographically or chemically modifi ed to increase the osseointegration rate [7] [8] [9] [10] . On the other hand, hydroxyapatite is classifi ed as a bioactive material with excellent "osteoconductive" abilities [11] [12] [13] [14] . Osteoconduction is defi ned as bone growth on a surface that is dependent on the migration of osteogenic cells 15, 16) . Osteoconduction is thus the process by which bone is directed to conform to the surface of a given material 1) . Therefore, hydroxyapatite is widely used in bone reconstruction [17] [18] [19] [20] . However, hydroxyapatite has a critical disadvantage for use in dental implants because of its low modulus of elasticity and low fracture toughness 21) .
There have been several reports comparing the behaviors of osteogenic cells on titanium to those on hydroxyapatite. Stromal cells derived from bone marrow cultured on hydroxyapatite showed higher alkaline phosphatase (ALP) activity and expression of osteogenic genes, such as the genes for osteocalcin, osteopontin, and bone sialoprotein, than those from bone marrow cultured on titanium. Mineralized nodule formation was the most predominant on hydroxyapatite. There was no difference in the proliferation of osteoblasts between culture on hydroxyapatite and titanium 22) . MC3T3-E1, the osteoblast-like cell line, cultured on sputtered hydroxyapatite fi lm and hydrothermal treatment, showed signifi cantly increased proliferation and ALP activity compared to MC3T3-E1 cells cultured on titanium 23) . The proliferation and ALP activity of osteoblasts were signifi cantly enhanced on the hydroxyapatitecoated plate compared to those on the titanium-coated plate 24) . Because the roughness of the material surface infl uenced the osteoblast activities, attempts have also been made to roughen the titanium surface for improved osteoblast activation. For example, when MC3T3-E1 were cultured on titanium plates roughened by wiretype electric discharge machining or plasma coating, the proliferation and ALP activity were enhanced compared to those on unroughened titanium 25, 26) . It is still controversial whether hydroxyapatite has higher osteoblast compatibility than titanium. In this study, therefore, we compared the osteoblast activities between titanium and hydroxyapatite. As described above, rough surfaces generally enhance the osteoblast compatibility. In order to investigate the effects of the materials themselves on osteoblast compatibility, we used three kinds of disks. One was an evaporated disk with a smooth titanium surface (ti disk), the second was a hydroxyapatite disk with a smooth surface (Ap disk), and the third was a machined titanium disk with a rough surface (TI disk) that was in near-clinical condition.
MATERIALS AND METHODS

Sample preparation
Titanium disks (TI, φ15 mm×t1, ASTM B348: 97 Grade2; GC, Tokyo, Japan), hydroxyapatite (Ap, Pentax, HAp plate, APP-601, φ13 mm×t2; Pentax, Tokyo, Japan) and evaporated titanium disks (ti, φ15 mm×t1, B270-superwhite) were used for this study. For preparation of the evaporated ti disk, glass disks (φ15 mm×t1, B270-superwhite) were fi rst cleaned with alkali detergent, then with distilled water, and fi nally with isopropyl alcohol using ultrasonic rinsing. Titanium fi lms were then deposited on the cleaned glass disks by an electron beam evaporator (BMC-1100; Shincron, Yokohama, Japan) up to the 40 nm fi lm thickness. These disks were checked using a fi eld-emission-gun scanning electron microscope (FE-SEM; JEOL JSM-6701F, Jeol, Tokyo, Japan) operated at an accelerating voltage of 10 kV. The "Ap" disks were coated with a 3-nm osmium layer using an osmium coater (Meiwa Fosis Neoc-AN, Tokyo, Japan) before FE-SEM was carried out. Surface roughness of each of the three disks was measured using a 3D laser scanning confocal microscope (VK-X200, KEYENCE, Osaka, Japan).
Cell culture
Cells of the mouse osteoblast-like cell line MC3T3-E1 (RIKEN Cell Bank, Ibaraki, Japan), were cultured in α-modifi ed essential medium (α-MEM) supplemented with antibiotics (penicillin/streptomycin; Invitrogen, Tokyo, Japan), 4 mM L-glutamine (Invitrogen) and 10% fetal bovine serum (FBS; Nichirei Biosciences, Tokyo, Japan) in 5% CO 2 at 37°C. The cells were subcultured by treatment with 0.05% trypsin (Wako, Osaka, Japan) and 20 μM ethylenediaminetetraacetic acid (EDTA; Invitrogen).
Cell count
Each disk was immobilized in a 24-well plate. Then MC3T3-E1 cells were seeded at 5.0× 10 4 cells/well density. At the predetermined time points, the cells were rinsed three times with PBS to remove the nonattached cells. Culture medium containing 10% WST-8 reagent solution (Dojindo Laboratories, Kumamoto, Japan) was added at 300 μL to each well, and the plate was incubated for 1-2 h at 37°C. The supernatant was dispensed 100 μL to 96-well plate and the absorbance at 450 nm was measured using a micro-plate reader (Bio-Rad, Tokyo, Japan).
Alkaline phosphatase staining
An individual disk containing 1×10 5 cells was added to each well of a 24-well plate. After 24 h, the media were changed and the cells were incubated in culture medium that was supplemented with 50 μg/mL L-ascorbic acid (Wako) and 10 mM β-glycerophosphate (Wako). The day that the cells were changed to this specifi c medium was considered day 0. The medium was changed twice a week.
The cells on each disk were washed after culturing for 2 weeks in differentiation medium. Then the disks were incubated for 30 min in a solution of alkaline phosphatase substrate produced using an Alkaline Phosphatase Substrate Kit III (Vector Laboratories, Burlingame, CA). The solution was removed and the cells were washed with PBS three times. ALP-positive cells were stained blue.
Alizarin Red S staining
The cells on each disk were washed after 4 weeks of culture in differentiation medium. Then the cells were fi xed with ethanol and stained with 1% Alizarin Red S (Wako) in order to visualize the calcium deposits on cells. Alizarin Red S binds selectively to calcium; the stained material appears dark red.
Quartz crystal microbalance (QCM) measurements
QCM measurements were made using a Q-SENSE D300 system (Q-Sence, Gothenburg, Sweden). FBS was diluted to 0.1% and 0.5 mL of the diluted solution was applied to a sensor chamber. Upon interaction of serum molecules with the surface of a sensor crystal, changes in the resonance frequency, ∆f, related to mass, were measured with a time resolution no later than 1 s. The measurement data of F were acquired at several harmonics (15, 25 , and 35 MHz) simultaneously. All measurements were performed at 37°C, to within 0.1°C.
RESULTS
The surfaces of each of the three disk types, "TI," "ti" and "Ap," were randomly observed by SEM and the roughness was measured by a 3D laser scanning confocal microscope. As shown in Fig.1 , the surface of the TI disk exhibited asperity, but the ti and Ap surfaces were fl at indicating that TI was rougher than the other two kinds of disks in this study. The arithmetic mean value, Ra, of TI was 0.13 μm, and that of ti and Ap was 0.01 μm. MC3T3-E1 cells, an osteoblast-like cell line, were seeded at 1×10 5 cells/plate on each disk in the serum-containing medium. As shown in Fig. 2 , the number of adhered cells was counted by measuring WST-8 activity levels at 1, 2, 3, 7, and 10 h after seeding. The adhered cell number was increased in a time-dependent manner, but was not signifi cantly different between the two smooth disks (Fig. 2) . In order to rule out the effect of biomolecules contained in serum and to more clearly compare the cell adhesion property of the materials, MC3T3-E1 cells were seeded onto each disk in the serum-free medium . Analysis of variance (ANOVA) was performed, and signifi cant differences between plates were determined using the Tukey test (*p<0.01 vs serum-containing medium, #p<0.05 vs TI and ti). Fig. 4 Cell proliferation assay. MC3T3-E1 was cultured on each material, and the number of cells was counted every day. The proliferation ratio was plotted at 24-h intervals, and normalized against the initial counted number. The doubling time of each cell was calculated by plotting the logarithmic average of the cell number. Data are expressed as the mean±SEM (n=3 for each disk). Analysis of variance (ANOVA) was performed, and signifi cant differences disks were determined using the Tukey test (*p<0.01 vs TI and ti). and WST-8 activity was measured at 10 h. The adhered cell number was signifi cantly higher on the Ap than on the ti disk in the serum-free medium, while no difference was observed in the serum-containing medium. The adhered cell number on both the Ap and ti disks was smaller in the serum-free medium than in the serumcontaining one (Fig.3) . The cell adhesion dynamics on a rough titanium surface were also investigated on TI, but no difference could be detected among the three kinds of disks. The number of adhered cells on the TI disk was also smaller than that on the Ap disk. MC3T3-E1 cells were seeded at 1×10 4 cells/disk, Fig. 7 Absorbability of serum proteins on titanium and hydroxyapatite. Serum molecular absorption on titanium or hydroxyapatite was measured by QCM measurements. Changes in the resonance frequency, ∆f, were related to the attached mass. The solid line indicates the results for the hydroxyapatite sensor, and the dotted line indicates the results for the titanium sensor.
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after which the number of the cells gradually increased on all plates for up to 7 days. The cell proliferation ratio was determined by the number of adherent cells on the fi rst day, and the doubling time was calculated as the ratio of adherent cells at the fi rst day to adherent cells at 2-4 days. The results showed that MC3T3-E1 cells cultured on the Ap disk took less time to duplicate than those cultured on the ti or TI disk (Fig.4) . Osteoblast progenitor cells were differentiated to osteoblasts after the cells reached confl uence. The addition of 50 μg/mL L-ascorbic acid and 10 mM β-glycerophosphate into the medium allows MC3T3-E1 cells to be differentiated into alkaline phosphatasepositive cells, and these differentiated cells could be detected two weeks after such treatment on ti and Ap disks (Fig.5 (a) ). Four weeks after the addition of L-ascorbic acid and β-glycerophosphate, calcium deposition could also be observed on both plates, but more calcium was deposited on the Ap disk than the ti disk (Fig.5 (b) ). Although calcium is a composition of hydroxyapatite, an Ap disk itself was not stained by Alizarin red S (Fig.6) . The osteoblast differentiation and mineralization on the Ap disk were also higher than those on the TI disk. These results suggest that the characteristics of hydroxyapatite are better for osteogenesis by MC3T3-E1 cells than the characteristics of titanium, even if the titanium has a rough surface.
The amount of absorbed serum proteins on the titanium or hydroxyapatite sensor was quantifi ed by a QCM. As can be seen in Fig. 7 , the value of the frequency decreased after applying 0.1% FBS solution into each sensor module, with the decrease being particularly immediate on the hydroxyapatite sensor. The decrease in the frequency value, ∆f, was much larger on the hydroxyapatite than on the Ti sensor. These results suggest that a larger amount of serum protein was absorbed on the hydroxyapatite sensor compared to the Ti sensor.
DISCUSSION
Osteogenesis is a biomineralization process regulated by multiple organic molecules that are secreted from osteoblasts. During this process, osteoblasts could be divided into three stages 27) . The fi rst stage is the proliferation stage. At the beginning of bone formation, pre-osteoblasts adhere to the surface and proliferate there, and these cells express type I collagen and form basic extracellular matrix (ECM). The second stage is the differentiation stage. ALP was expressed at the end of the proliferation stage and increased at the differentiation stage. Pre-osteoblasts differentiate into osteoblasts under the regulation of growth factors, and ECM was maturated at this stage. The third stage is the mineralization stage. During the mineralization stage, the expression of proteins relative to mineralization is increased, and these proteins are secreted into the ECM to promote calcium accumulation. In this study, we compared osteoblast compatibility between titanium and hydroxyapatite at these stages using smooth surface disks designated "ti" and "Ap." The results of the cell adhesion experiments shown in Fig.2 and Fig. 3 suggest that the adhesion of MC3T3-E1 cells did not depend on the materials under the serum-present condition, but hydroxyapatite was more suitable for osteoblast adhesion than titanium under the serum-free condition. Only a few adhesion molecules were present in the serum-free medium, because the numerous molecules related to cell adhesion that are present in serum were largely absent. Hydroxyapatite could be considered an adequate material for cell adhesion even it is present in very low concentrations of cell adhesion molecules. The shorter doubling time of MC3T3-E1 cells on the Ap than on the ti disk (Fig.4) indicated that the cell growth was promoted by hydroxyapatite rather than titanium. Taking these results together, it was suggested that hydroxyapatite has more osteoblast compatibility in the proliferation stage. Alkaline phosphatase (ALP) is a marker of osteoblast differentiation 28) ; ALP activity is commonly used as an indicator of calcifi cation in the matrixmaturation phase, which initiates actual bone formation. In this study, the MC3T3-E1 cells differentiated into ALP-positive cells on the ti and Ap disks two weeks after the addition of L-ascorbic acid and β-glycerophosphate. The results on the ALP activity (Fig.5) demonstrate that the in vitro osteoblast differentiation was normal on both materials and suggest that hydroxyapatite and titanium do not affect the differentiation stage. Alizarin red S is also widely used for visualization of cell calcifi cation 28) . Four weeks after induction, calcium deposition could be observed on all disks. The results from the Alizarin red S staining (Fig.5) demonstrate that calcium was readily deposited on osteoblast cultured on hydroxyapatite. The results of ALP activity and Alizarin red S suggest that hydroxyapatite supports osteoblasts differentiation and promote them to switch to the mineralization stage, or that titanium arrested osteoblasts differentiation and suppressed them to move into the mineralization stage. Further studies are needed to confi rm the critical factor. The results also suggest that hydroxyapatite not only by affecting osteoblasts but also through the interaction of calcium with materials in the mineralization stage because of its absorbent characteristic.
Osteoblast behaviors such as adhesion, proliferation, differentiation and mineralization are affected by proteins contained in serum. This is why we hypothesized that the high biocompatibility of certain materials may be due to the large amounts of proteins absorbed on the surface. The QCM technique is among the most highly sensitive and practical tools for in situ measurement of macromolecule absorption on the material surface and analysis of molecular conformational change 29) . The results of QCM measurement shown in Fig.7 indicated that hydroxyapatite can absorb more serum proteins than titanium. Our results also conformed to a report that hydroxyapatite absorbed more cell attachment proteins such as fi bronectin, and vitronectin than pure titanium of the same roughness 30) . Because hydroxyapatite has stronger absorbability than titanium, the Ap disk could have gathered cell adhesion molecules on its surface even it was in serum-free medium, so that more cells adhered on the Ap disk than on the ti disk. The reason why Ap promote osteoblast growth shown in Fig.4 and differentiation in Fig.5 also could be considered as the growth signal proteins contained in serum 31) were absorbed more on Ap surface than ti surface.
In this study we also cultured MC3T3-E1 cells on TI to compare the potential of materials to affi nity to osteoblast. According to SEM images and the confocal microscope analysis, the roughness of ti is nearly to the roughness of Ap and machined titanium disks have rougher surfaces than ti. Surface roughness is known to be an important factor for cell adhesion, proliferation, and differentiation [32] [33] [34] . In general, it is said that a rough surface promotes cell adhesion and cell proliferation on titanium 35) and that the surface roughness of titanium alters osteoblast proliferation and differentiation 34) . A titanium disk with a rough surface (TI) would be expected to show higher performance than one with a smooth surface (ti). However, TI still has not reached the osteoblast compatibility of Ap. According to the results of our biological experiment shown in Fig.2 and Fig.5 , the roughness did not signifi cantly affect osteoblast behavior on titanium. The reason for this fi nding may have been that there exists a suitable range of roughness for cell adhesion, and the TI disk used in this study was outside of that range. In addition, the pure titanium has oxidation layer on its surface, and ti may be amorphous. This difference may affect the molecular absorption related to cell adhesion and result in the adhesion property. In the case of hydroxyapatite, the adhesion and proliferation of osteoblasts has also been shown to depend on the surface roughness 33) . Ap used in our study only has smooth surface but its osteoblast compatibility was higher than TI, rough surface of titanium. Considering all these result together, it can be said that hydroxyapatite was more compatible with osteoblasts than titanium.
It has been reported that the high potential of osseointegration of titanium may be due to the apatite formation on the titanium surface 36) . There are two fi ndings which lend support to this hypothesis. One is that titanium easily formed apatite when placed into Simulated Body Fluid 37) . The other is that apatite can be in place of bone tissue by osteoconduction 38) . According to our results, apatite was easier to deposit calcium, and apatite also seemed to have an ability to promote ALP activity. Our results also indicate hydroxyapatite is more compatibility to osteoblast than titanium, and the high compatibility of hydroxyapatite depends on its high absorbability. Formation of apatite on titanium may gather plenty serum proteins such as adhesion molecular and growth factors on its surface, and let osteoblast easily come to titanium surface and promote osteogenesis on its surface. Hydroxyapatite coating on titanium was examined to enhanced osseointegration of implants 39) , but it has not get successful results because of the crack appearance at the interface between titanium and hydroxyapatite. Our results give a view point for implant materials development that modifi cation of protein absorbability on titanium surface may be the important factor to develop high potential materials for osseointegration.
CONCLUSION
In conclusion, our results indicate apatite has a higher affi nity for osteoblasts than titanium. This was found to be due not to surface roughness but rather intrinsic properties of the materials, such as protein absorption ability. Although titanium has been successfully used as an implant material in the clinic for quite a long time, this study suggests that the reason titanium better promotes osseointegration is related to the high compatibility of apatite which may be formed on the titanium surface.
